The Escherichia coli gntT gene was subcloned from the Kohara library, and its expression was characterized. The cloned gntT gene genetically complemented mutant E. coli strains with defects in gluconate transport and directed the formation of a high-affinity gluconate transporter with a measured apparent K m of 6 M for gluconate. Primer extension analysis indicated two transcriptional start sites for gntT, which are separated by 66 bp and which give rise to what appears on a Northern blot to be a single, gluconate-inducible, 1.42-kb gntT transcript. Thus, it was concluded that gntT is monocistronic and is regulated by two promoters. Both of the promoters have ؊10 and ؊35 sequence elements typical of 70 promoters and catabolite gene activator protein binding sites in appropriate locations to exert glucose catabolite repression. In addition, two putative gnt operator sites were identified in the gntT regulatory region. A search revealed the presence of nearly identical palindromic sequences in the regulatory regions of all known gluconate-inducible genes, and these seven putative gnt operators were used to derive a consensus gnt operator sequence. A gntT::lacZ operon fusion was constructed and used to examine gntT expression. The results indicated that gntT is maximally induced by 500 M gluconate, modestly induced by very low levels of gluconate (4 M), and partially catabolite repressed by glucose. The results also showed a pronounced peak of gntT expression very early in the logarithmic phase, a pattern of expression similar to that of the Fis protein. Thus, it is concluded that GntT is important for growth on low concentrations of gluconate, for entry into the logarithmic phase, and for cometabolism of gluconate and glucose.
Most organisms metabolize gluconate via the Entner-Doudoroff pathway (6, 11, 12) . In Escherichia coli the EntnerDoudoroff pathway is specifically induced by gluconate, together with the functions of gluconate transport and gluconokinase activity (see reference 14 for a review). Recent experiments suggest that the ability to metabolize gluconate is required for E. coli to colonize the mouse large intestine. E. coli mutants with defects in the eda gene of the Entner-Doudoroff pathway are unable to colonize the streptomycin-treated mouse large intestine (39) . Furthermore, a functional gntP gene, which encodes a high-affinity gluconate transporter (18) , also appears to be important for colonization (38) .
E. coli possesses two systems for gluconate transport and phosphorylation, specified by two distinctly regulated sets of genes which are located in different regions of the genome (1, 17, 44) . GntI, the main system, contains gntT, gntU, and gntK which code for high-and low-affinity gluconate transporters and a thermoresistant gluconokinase, respectively. The expression of GntI is negatively controlled by the gntR gene product (8, 42) . GntII, the subsidiary system, contains gntW and gntV, which are believed to encode another high-affinity gluconate transporter (41) and a thermosensitive gluconokinase (17, 42) , respectively. It is not known how GntII is regulated, although it has been reported that pyruvate might act as a metabolic repressor and that the gntS gene product might positively control expression of gntV (1, 17) . A fourth high-affinity gluconate transporter, gntP, was recently identified and, interestingly, was found not to be inducible by gluconate (18) .
Until the beginning of this decade, all knowledge of gluconate metabolism in E. coli was based on traditional genetic approaches, and, despite the progress made, it is now clear that the physiology of gluconate metabolism is still poorly understood. In this regard, a question of central interest is the role of the gntT gene. In addition to severely affecting the highaffinity transport of gluconate, gntT mutations have pleiotropic effects, leading to suggestions that gntT could have regulatory properties (1, 26) . Furthermore, it is not clear why E. coli possesses so many gluconate transporters, and there is controversy as to which transporter(s) is active during growth on gluconate. Previous studies have indicated that gluconate is taken up by a proton symport mechanism (31) , with kinetics suggestive of a single transport system (28) . Significant expression of GntU, the low-affinity transporter, has been reported to occur only in gntT mutants (13, 27) , and induction kinetics likewise indicate expression of a single transporter (32) . However, molecular characterization of the gntKU operon clearly demonstrated that gntU is transcribed during growth on gluconate, and the transport kinetics of wild-type E. coli W1485 grown on gluconate were found to be biphasic, suggestive of the simultaneous activity of more than one transporter (42) .
Recent molecular genetics studies have begun to shed light on the physiology of gluconate metabolism in E. coli (10, 18, 42) . In this report we describe a study of gntT gene expression. The gntT gene was cloned from the Kohara library (19) and was found to genetically complement a mutant with (multiple) defects in gluconate transport. Expression of the gene was examined by Northern hybridization analysis and by use of a single-copy gntT::lacZ fusion, the promoter region was analyzed by primer extension mapping, and the biochemical function of GntT was analyzed by kinetic measurements of gluconate uptake in a strain which expressed only one gluconate transporter.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The E. coli strains, plasmids, and phages used in this study are listed in Table 1 . The wild-type E. coli K-12 strain used for these studies was E. coli W1485. E. coli DH5␣ was used for propagating plasmids. Genetic complementation of gluconate transport was tested as described previously (18, 42) . The phagemid vector pBluescript II was used for subcloning.
All E. coli strains were routinely grown at 37ЊC in Luria broth (LB) (21) with or without added carbohydrate (0.4%), and growth was monitored by measuring the turbidity with a Spectronic 601 (Milton Roy Co.) spectrophotometer. Cultures in early logarithmic phase were harvested at an A 600 of 0.5, mid-logarithmic-phase cultures were harvested at an A 600 of 1.0, and stationary-phase cultures were harvested approximately 3 h after inflection of the growth curve at an A 600 of ca. 6 to 8. Phenotypes of E. coli strains were monitored on MacConkey indicator medium (23), bromothymol blue medium (2), or M63 minimal medium (40) with appropriate supplements as required. Triphenyltetrazolium chloridegluconate plates were prepared as described previously (25) . Ampicillin (50 mg/liter) was included in the medium to select for cells harboring ampicillinresistant plasmids. 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (20 mg/ liter) was used to screen for ␤-galactosidase activity.
DNA manipulations and transformation. Plasmid DNA was isolated from E. coli by using alkaline-sodium dodecyl sulfate protocols (35) . DNA restriction digestions, ligations, transformations, and other DNA manipulations were carried out by using standard methods (35) , as specified by the manufacturers. A gntT::lacZ operon fusion was constructed as follows. A PCR-amplified fragment, beginning 416 bp upstream of the gntT start codon and ending 23 bp downstream of the gntT start codon was prepared with an oligonucleotide primer containing an EcoRI site (5Ј-CGGAATTCTGAAAGGTGTGCGCGATCTCAC-3Ј) and a second primer containing a BamHI site (5Ј-GCGGATCCCCGATAGCAACA ATGACTAATG-3Ј) according to standard protocols (35) . The PCR-generated DNA fragment was ligated into the EcoRI and BamHI sites of pRS551 to construct the multicopy fusion; then a single-copy version of the fusion was made from the plasmid-borne fusion by homologous recombination in vivo with RS88, followed by transfection of E. coli P90C (37) .
Measurement of ␤-galactosidase activity. Cells were harvested from the cultures described in the text and measured for ␤-galactosidase activity as described previously (25) .
Gluconate uptake. For kinetic analysis, cells were harvested from logarithmicphase cultures and were prepared for use in uptake experiments essentially as described previously (42) . Uptakes were terminated by rapid quenching with ice-cold 250 mM gluconate in 0.05 M potassium phosphate buffer maintained at a temperature below Ϫ3ЊC by a salt-ice mixture. Single-time-point kinetics reflecting initial velocities were used. Assays were conducted in triplicate. The data were analyzed by a least-squares fit to the hyperbola as described previously (42) .
DNA sequencing and analysis. The 3.9-kb XmaIII-to-HindIII fragment of pAT2 was sequenced in both directions by the dideoxy chain termination method of Sanger et al. (36) with the T7 sequencing kit (Pharmacia). DNA sequences were analyzed by using the University of Wisconsin Genetics Computing Group package (9) .
Northern blot analysis. Total cellular RNA was isolated from E. coli W1485 grown to either early log phase (A 600 , 0.5) or stationary phase (A 600 , 6.0) by the hot-phenol method, as described previously (42) . An antisense RNA probe was used for Northern blot hybridization. The gntT probe (pTC225a) was constructed from a 0.51-kb ScaI fragment of the gntT insert in pTC225 which was ligated into the EcoRV site of pBluescript IISK. pTC225a was linearized with HindIII, followed by synthesis of a 32 P-labeled RNA probe with T3 RNA polymerase in the presence of [␣-
32 P]UTP, as described previously (35) . RNA samples (5 g) were electrophoresed, transferred to nylon filters, and hybridized as described previously (7).
Transcript end mapping. An oligonucleotide complementary to the mRNA sequence from bases 89 to 70 downstream of the gntT start codon (5Ј-CGGGA ACAGAGATATTGCGGC-3Ј) and another oligonucleotide complementary to the mRNA sequence from bases 2 to 20 upstream of the gntT start codon (5Ј-GCAACAATGACTAATGGC-3Ј) were labeled by using T4 polynucleotide kinase and [␥-
32 P]ATP (Ͼ5,000 Ci mmol Ϫ1 ), as described previously (35) . Thirty micrograms of total RNA (isolated from early-logarithmic-phase cells) and 0.5 pmol (ϳ1.5 ϫ 10 6 cpm) of 5Ј-end-labeled oligonucleotide primer were used for the primer extension, essentially as described previously (7). Sequencing reactions with the same primers and pAT2 as the template were run in parallel as references for determining the endpoints of the extension products. 
RESULTS

Cloning of gntT.
The gntT gene is highly cotransducible with malQ, located at the 76.4-min position of the E. coli genomic restriction map (4, 33) . A 10.0-kb BamHI-HindIII fragment from Kohara library clone 619, which covered the presumed location of gntT, was cloned into the same sites in pBluescript (Fig. 1) .
The gntT structural gene. The vector-flanking regions of pAT2 were sequenced and found to precisely match the nucleotide sequence of the gntT gene obtained from GenBank (accession number, U18997; submitted by F. Blattner, University of Wisconsin E. coli Genome Project). The gntT structural gene is 1,314 bp long, corresponding to a reading frame of 437 codons. The gntT stop codon lies 109 bp upstream of the malQ gene, between bioH and malQ, and is transcribed in the clockwise direction. Preceding the ATG start codon by 6 bp is a putative ribosome binding site (AGG). The gntT gene is followed by a typical rho-independent terminator-like sequence. The deduced amino acid sequence of GntT (Swiss-Prot accession number, P39835) is 50% identical to GntP of Bacillus subtilis (30) , 40% identical to GntP of E. coli (18) , and 20% identical to GntU of E. coli (42) . GntT contains 73.5% nonpolar amino acids and possesses a topology typical of integralmembrane transport proteins. A topological analysis using the TOPPRED (43) program indicates that GntT possesses 14 membrane-spanning domains (window size of 21 amino acids), similar to the prediction for GntP (18) , but more than the 12 membrane-spanning domains predicted for GntU (42) . It was not possible to identify significant sequence similarity between GntT (or the other gluconate transporters mentioned above) and proteins of the major facilitator superfamily (16, 24) , and sequence motifs characteristic of the latter family were lacking.
The gntT promoter region. Two transcriptional start sites for the gntT gene, separated by 66 bp, were localized by primer extension analysis ( Fig. 2A and B) . The 5Ј end of the longer gntT transcript (P1) lies 154 bp upstream of the start codon and is preceded by a TATCAT Ϫ10 region and a CTCAAA Ϫ35 region with 16 bp of intervening sequence between the promoter elements (Fig. 2C) . The 5Ј end of the shorter gntT transcript (P2) lies 88 bp upstream of the start codon and is preceded by a TATCAG Ϫ10 region and an ACTACA Ϫ35 region with 18 bp of intervening sequence between the promoter elements (Fig. 2C) . With respect to the consensus promoter elements, the Ϫ35 regions have only three of six nucleotides conserved and the Ϫ10 regions have five (P1) or four (P2) of six nucleotides conserved (29) . Interestingly, a comparison of the Ϫ10 regions of P1 and P2 indicates that they are identical in eight of nine nucleotides (data not shown).
The gntT promoter region contains two putative gnt operators, identified on the basis of sequence similarity to the putative gnt operator in the gntKU promoter region (42) . A search of known gluconate-inducible E. coli genes revealed the presence of several nearly identical palindromic sequences ( Table  3 ). The consensus gnt operator sequence is ATGTTA (N 4 ; G-C rich) TAACAT. The upstream gntT operator overlaps the Ϫ10 region of P1. The downstream gntT operator lies just 20 bp upstream of the gntT start codon and is well downstream of both P1 and P2. The edd gene also has two operators, one at position Ϫ94 with respect to the transcription start site and the other at ϩ128, covering codons 5 to 9 of the edd structural gene (10) . The two gntT operators are separated by 141 bp, and the two edd operators are separated by 222 bp. The divergent promoter region of the gntV (42) and gntW (41) genes of the GntII system also has two sequences which are nearly identical to that of the consensus gnt operator (GenBank accession number, U14003; Swiss-Prot accession numbers, P39208 and P39344, respectively).
Possible catabolite gene activator protein (CAP) binding sites (34) are positioned at Ϫ79 with respect to P2 and at Ϫ71 with respect to P1 (Table 3 ). These sites are in appropriate locations from which to activate their respective promoters (15) . The CAP binding site of P1 overlaps the upstream gntT operator and the Ϫ10 region.
Regulation of gntT. A Northern blot analysis indicated that gntT is monocistronic (Fig. 3) . The 1.42-kb gntT transcript is induced to high levels in E. coli W1485 growing on LB containing gluconate. The transcript level was approximately fivefold higher for cells grown on gluconate than for cells grown on a mixture of glucose and gluconate, indicating that gntT is subject to catabolite repression. The gntT transcript was expressed at very low levels in stationary-phase cells. The transcript level was somewhat higher in anaerobically grown cells than in aerobically grown cells (results not shown), but no obvious Fnr binding site (22) was found.
A gntT::lacZ operon (transcriptional) fusion (37) was constructed for further analysis of gntT expression. The gntT::lacZ fusion was constitutively expressed in multicopy, as is expected for a gene under negative control, e.g., GntR of the GalR-LacI family (results not shown). This result clearly indicates that care must be taken to examine expression of gnt gene fusions only in single copy. The single-copy gntT::lacZ fusion was induced 15-fold by gluconate when grown in LB and was induced 27-fold by gluconate in minimal medium, while the overall extent of expression was approximately the same in rich and minimal media (Table 4 ). These data also indicate significant catabolite repression by glucose; cells grown in LB containing both glucose and gluconate showed less than a twofold induction, while cells grown in minimal medium containing both glucose and gluconate showed a sixfold induction.
The gntT::lacZ fusion afforded an opportunity to examine the physiological factors governing gntT expression in still greater detail. Induction was examined by monitoring ␤-galactosidase activity upon addition of gluconate, glucose, or a mixture of gluconate and glucose (0.4% concentration of each sugar) to an E. coli W1485 culture in LB during the early log phase (Fig. 4A) . The addition of gluconate resulted in an immediate induction of the gntT::lacZ fusion, which peaked at the fully induced level approximately 2 1/2 h postaddition, and then gradually declined to the typical stationary-phase level (see Table 4 ). The addition of glucose resulted in an immediate and sustained halving of ␤-galactosidase activity compared to the activity expected in LB only. The addition of a mixture of gluconate and glucose resulted in a gradual induction of the gntT::lacZ fusion to a level approximately one-third that of the typical stationary-phase level with gluconate alone; no peak in expression was observed. These data clearly support the conclusion that gntT is catabolite repressed by glucose. Next, the level of induction was tested by adding various concentrations of gluconate to a culture growing in LB during the early log phase (Fig. 4B) . Although a very low concentration (4 M) of gluconate resulted in induction, optimal induction of the gntT::lacZ fusion was achieved when 500 M gluconate was added, whereas the addition of 100 M and 2 mM gluconate resulted in somewhat lower levels of induction. Interestingly, the addition of 10 mM gluconate resulted in still lower levels of induction. Thus, gntT appears to be maximally induced at fairly low gluconate concentrations.
By comparison with a culture to which gluconate was added during the early log phase, the gntT::lacZ fusion in E. coli W1485 showed a substantially different pattern of induction following initiation of growth in LB containing gluconate (Fig.  4C) . When a culture which was pregrown to stationary phase in LB containing gluconate was used to inoculate a culture at very low cell density (A 600 , ca. 0.001) in the same medium, there was a pronounced peak of ␤-galactosidase activity as the culture resumed growth following the lag phase and entered the early logarithmic phase. The induction of the gntT::lacZ fusion peaked approximately 1 h after induction and then subsided gradually throughout the logarithmic phase to a fivefold lower, yet still induced, level as the culture completed the logarithmic phase and entered the stationary phase.
DISCUSSION
The cloning and characterization of gntT from E. coli, as reported here, are a continuation of our studies addressing the   FIG. 3 . Northern blot analysis of the E. coli gntT transcript with a gntTspecific hybridization probe. RNA samples (5 g) prepared from E. coli W1485 cells grown on different carbon sources and at different growth phases were loaded as follows: GLU, culture grown in LB-glucose; GNT, culture grown in LB-gluconate; GNT/GLU, culture grown in LB-glucose plus gluconate; LB, culture grown in LB. STAT, stationary phase; LOG, early log phase (A 600 ϭ 0.5). Size markers in kilobases are on the side. physiology and expression of the GntI system for gluconate transport and phosphorylation at the molecular level. The cloned gntT gene complements various mutants with defects in gluconate transport and directs the formation of a transporter with high affinity, showing a K m of 6 M for gluconate. The deduced product of the gntT gene has the properties expected of an integral membrane transport protein, having 14 membrane-spanning domains and significant similarity to other authenticated gluconate transporters. These results firmly established that the gntT gene does indeed encode the high-affinity gluconate transporter thought to be located in the bioH-asd region of the genome, which was variously named gntTa (44) and usgA (13) and later renamed gntT (17) . The issue is not trivial. While several gntT deletion mutants have been reported (44) , only two presumptive point mutations, E. coli M2 (44) and E. coli PFI (13) , mapping at malA and affecting (mainly) a high-affinity gluconate transporter are known. In both cases the pleiotropic effects of these point mutations led to questions of whether the altered locus encodes a regulatory gene or a gluconate transporter. It is now certain that gntT encodes a high-affinity gluconate transporter.
The gntT regulatory region is fairly complex: it contains two promoters, two putative gnt operators, and two CAP binding sites. The two promoters are separated by only 66 bp and give rise to what appears to be a single 1.42-kb transcript by Northern hybridization analysis. The Northern analysis indicates that gntT is monocistronic, that it is induced by gluconate, and that the two promoters appear to be regulated in a similar fashion. The upstream promoter, P1, has a highly conserved Ϫ10 region with 16-bp spacing from a poorly conserved Ϫ35 region and is typical of a 70 promoter. The second gntT promoter, P2, has a well conserved Ϫ10 region with 18-bp spacing from a poorly conserved Ϫ35 region. Both gntT promoters have CAP binding sites located in appropriate positions (Ϫ71 with respect to P1 and Ϫ79 with respect to P2), and analysis of a gntT::lacZ fusion indicates that gntT is subject to significant catabolite repression by glucose, which confirms results obtained by several others (1, 13, 17, 26) .
We previously reported the location of a putative gnt operator overlapping the transcriptional start site of the gntKU operon (42). The results described above extend this observation to all other known gluconate-inducible genes regulated by GntR, a member of the GalR-LacI family of repressor proteins (5); nearly identical operator sequences were found in the gntT and edd regulatory regions (Table 3) . Interestingly, two operators were found in both of these regulatory regions, but only a single operator was found in the gntKU regulatory region. It seems reasonable to speculate that the presence of two operators in these promoter regions might allow formation of a DNA loop bridged by a tetrameric GntR, as described for LacI and GalR (5) . Since the single gntKU operator begins at the last base of the Ϫ10 region and overlaps the transcriptional start site, it appears not to be necessary to have two operators for this promoter. Two operators were also found in the regulatory region of gntV (42) and gntW (41) of the GntII system, suggesting that GntR might also be involved in the regulation of these genes. In all, seven nearly identical sequences were used to derive the palindromic gnt operator consensus sequence. The GC-rich intervening sequence of the gnt operator suggests that the site is bound with high affinity (34) . The upstream gnt operator of gntT overlaps both the Ϫ10 region of P1 and the CAP binding site of P2, making interaction of the regulatory factors potentially interesting.
The expression of gntT is clearly induced by gluconate. The gntT transcript was observed only in cells grown in the presence of gluconate, and this result was confirmed by using a gntT::lacZ fusion. An examination of the levels of ␤-galactosidase activity obtained when various gluconate concentrations were added to a growing culture (in LB) indicated that the gntT::lacZ fusion is maximally induced by 500 M gluconate, a result which is in keeping with previous measurements indicating that gluconate uptake was highest in cells grown in 200 to 500 M gluconate (32) . The results further indicate that the gntT::lacZ fusion is modestly induced by 4 M gluconate, slightly below the apparent K m of GntT for gluconate (6 M). Furthermore, there is a pronounced peak of gntT expression very early in the logarithmic phase, a pattern of expression similar to that of the Fis protein (3). Thus, GntT appears to be important for growth in fairly low concentrations of gluconate and as cells enter the logarithmic phase. Previous experiments indicated that gntT mutants show a long latent period before initiating growth in gluconate, apparently depending solely upon the low-affinity gluconate transporter encoded by gntU (13) . It appears from the results presented here that gntT expression is most important as stationary-phase cells resume growth in gluconate, partially explaining the phenotypes of gntT mutants. It will be interesting to compare the expression of gntT to that of the low-affinity gluconate transporter encoded by gntU, which, like gntT, is transcribed in batch cultures of E. coli growing in gluconate (42) . It seems reasonable to predict that GntU is most important during the middle through late logarithmic growth phase. Perhaps the prolonged lag phase of gntT mutants is due to poor induction of the gntKU operon which includes the gluconate kinase gene of the GntI system.
While the results obtained in this study do not fully resolve the question of which is the primary gluconate transporter(s), it is becoming apparent that GntT and GntU act together and play growth phase-specific roles during growth on gluconate. That gntT expression was observed in cells growing in a mixture of glucose plus gluconate, as was also observed for gntKU (42) , explains how E. coli is able to cometabolize these two sugars (11) . The fact that gluconate is one of only two sugars that can be cometabolized with glucose (20) emphasizes that the ability to metabolize gluconate is a very important metabolic property of E. coli, as is also suggested by recent experiments which indicate a primary role for gluconate metabolism during colonization of the mouse large intestine (38, 39) .
